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sensing, and biomedicine.[1–6] As one of 
various kinds of noble-metal materials, 
gold (Au) shows exceptional stability with 
regard to chemical reactions. Recent exper-
imental studies have shown that the phys-
icochemical properties of Au NCs directly 
correlate with their size, dimensionality, 
crystal phase, shape, and surface proper-
ties.[7–13] For example, nanometer-sized Au 
particles display superior catalytic activity 
in the solvent-free aerobic oxidation of 
ethylbenzene and toluene as compared 
to inert bulk gold.[14,15] Theoretical and 
experimental studies indicate that two-
dimensional (2D) gold could have exciting 
properties due to its anisotropic structure. 
Yang et  al.[16] theoretically predicted a 
stable atomically thin gold monolayer with 
hexagonal symmetry. The bond energy was significantly aug-
mented when going from a three-dimensional (3D) bulk form 
to a 2D monolayer, somewhat similar to the case of 3D dia-
mond to 2D graphene. Antikainen et al. used density functional 
theory (DFT) to investigate the feasibility of 2D Au membranes 
in graphene pores.[17] The computation study showed Au atoms 
could move effortlessly from the top of graphene to its edge and 
over the surface of a 2D Au structure, to its open edge without 
a significant energy barrier. Thus, an atomically thin 2D gold 
layer would avoid getting trapped on the top of a 2D Au mem-
brane owing to the lack of an energy barrier, and hence avoid 
growing additional layers.
It is difficult to obtain a 2D gold nanostructure through 
top-down exfoliation methods owing to gold’s bulk structure 
having no intrinsic layers. In addition, large clusters of Au 
atoms would be more prone to trigger the growth of bulk Au 
(such as face-centered cubic (fcc), cubic close-packed (hcp), or 
body-centered cubic (bcc) phases) instead of a 2D film, due 
to the strong metallic bonds between gold atoms.[18–21] To 
 facilitate the 2D anisotropic growth of gold, kinetic control 
over the growth a pathway by either slowing down the atom 
addition process or lowering the total free energy of the metal 
nanostructures is needed.[22–24] Experimentally, Fan et al. syn-
thesized ultrathin Au square sheets with a unique hcp crystal 
phase over graphene oxide (GO). Au clusters on GO grew 
into Au square sheets by reducing HAuCl4 with oleylamine 
(OAM). Electron beam irradiation was used to drive the 
transformation of the Au square sheet from an hcp to a fcc 
structure.[7,25] The thickness of these Au sheets was ≈5 nm. 
The fabrication of 2D Au from one to a few atomic layers in 
thickness remains challenging either supported or as a free-
standing structure.
Bulk gold’s attributes of relative chemical inertness, rarity, relatively low 
melting point and its beautiful sheen make it a prized material for humans. 
Recordings suggest it was the first metal employed by humans dating as far 
back to the late Paleolithic period ≈40 000 BC. However, at the nanoscale 
gold is expected to present new and exciting properties, not least in catalysis. 
Moreover, recent studies suggest a new family of single-atom-thick two-
dimensional (2D) metals exist. This work shows single-atom-thick free-
standing gold membranes and nanoribbons can form as suspended structures 
in graphene pores. Electron irradiation is shown to lead to changes to the 
graphene pores which lead to dynamic changes of the gold membranes 
which transition to a nanoribbon. The freestanding single-atom-thick 2D gold 
structures are relatively stable to electron irradiation for extended periods. The 
work should advance the development of 2D gold monolayers significantly.
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1. Introduction
Noble-metal nanocrystals (NCs) have attracted significant atten-
tion as they exhibit fascinating properties and are therefore 
promising for applications in electronics, catalysis, photo nics, 
© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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Electron beam in STEM has been demonstrated as a pow-
erful tool to create and engineer nanostructures with atomic 
precision. More recently, researchers have reported that mon-
olayer metal membranes can be fabricated by selective e-beam 
ejection of specific elements from their compounds or alloys. 
Zhao et  al. have created a monolayer Mo membrane by selec-
tively ionizing Se atoms in a MoSe2 monolayer.[26] It is worth 
noting that Wang et  al. successfully fabricated freestanding 
monatomic thick Au membranes by electron beam dealloying 
of Au−Ag alloy inside transmission electron microscope (TEM) 
using a similar technique.[27]
Graphene, another material with significant promise,[28] 
has also been shown as a means to stabilize 2D atom-thick 
membranes. In this approach, pores in the graphene provide 
stabilizing edges to support freestanding exotic single-atom-
thick 2D membranes. Zhao et al.[29] demonstrated freestanding 
single-atom-thick 2D Fe membranes supported in graphene 
pores. Electron irradiation (from the imaging beam) using an 
acceleration voltage of 80 kV was able to drive Fe atoms and 
clusters into pores in the monolayer graphene and form an 
ordered 2D structure with a square lattice. The technique has 
also been used to successfully form other single-atom-thick 2D 
structures, namely, freestanding graphene-like ZnO,[30] CuO,[31] 
and Cr.[32] The stabilization of 2D membranes in graphene 
occurs when the interaction between the (metal) atoms and the 
pore edge is exothermic and suitably directional.[33] Graphene 
fulfils this requirement as it prefers in-plane adsorption at its 
pore edges[17,34] rather than on-top adsorption.[35]
In this work, we expand the potential of the technique and 
demonstrate how opposing sides of a graphene pore can serve 
as support interfaces for single-atom-thick 2D gold nanor-
ibbons. The 2D Au nanoribbons have a hexagonal lattice 
structure.
2. Results and Discussion
The sample was prepared by subliming HAuCl4 over trans-
ferred graphene at elevated temperatures in high vacuum. 
In brief, graphene grown over a high-purity Cu substrate by 
chemical vapor deposition (CVD) was transferred to a standard 
lacey carbon Cu TEM grid, and then placed in a vial with small 
amount of HAuCl4. The vial was evacuated to ≈10−6 mbar and 
then sealed by flame. The sealed vial then was subsequently 
heated at 350 °C for 12 h during which the HAuCl4 sublimes 
and decomposes, leaving Au on the graphene surface.
Under close inspection in a TEM, pure Au can be found as 
small NCs on the surface of the graphene and as single atoms 
or small clusters at the edge of pores in graphene. Typical 
examples are provided in Figure S1 (Supporting Information). 
Energy-dispersive X-ray spectroscopy (EDS) was implemented 
to confirm the presence of Au (Figure S1g, Supporting Informa-
tion). The samples showed an interesting Au crystal dynamic 
behavior at graphene edges and pores, in which an Au nano-
particle typically undergoes a variety of structural changes 
when exposed to the electron beam to yield an ordered 2D sus-
pended freestanding crystalline ribbon. An example of the 
observed in situ dynamic changes and the formation of a 
single- atom-thick 2D Au nanoribbon is provided in Figure 1. 
Greater detail of the dynamic aspects can be seen in Movie 1 
(Supporting Information).
The movie and Figure 1 show a high contrast Au NC with a 
trapezoidal shape suspended in a graphene pore. Three sides 
of Au NC are closely connected with edge of the graphene pore 
while the right side is exposed to the vacuum (Figure 1a). Under 
electron beam irradiation, the graphene material to the left of 
the Au NC is removed due to sputtering over a period of sev-
eral minutes leaving the Au crystal bridging the top and bottom 
parts of the remaining section of the graphene pore, viz, it is 
a suspended nanoribbon. This process is seen in Figure  1a−c. 
With further irradiation the contaminant carbon materials that 
reside near the top Au crystal−graphene interface are also sput-
tered away such that by 316 s a clean Au−graphene interface 
exists. During this process the ribbon length increases and to 
compensate for the increased bridging distance, the Au ribbons 
narrow down to a width of four atoms thus providing extra 
atoms to increase the ribbon length and maintain an inter-
face to the graphene (Figure  1c−e). With further irradiation, 
Adv. Mater. Interfaces 2020, 2000436
Figure 1. A series of transmission electron microscope (TEM) images showing the formation of suspended two-dimensional (2D) single-atom-thick 
Au nanoribbon at the edge of graphene. All scale bars = 1 nm.
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the upper section of the remaining pore continues to etch and 
in this case the Au ceases to elongate, instead the top Au−gra-
phene bridge interface moves to the right where the remaining 
pore width is less. This process continues until long side of the 
Au nanoribbon then interfaces with the graphene (Figure 1f−h). 
All these processes occur over a timespan just over 400 s. We 
postulate the changes occur to minimize energy and, thus max-
imize stability. The three key stages are loss of graphitic mate-
rial at left side of the graphene pore, a shift to form a single-
atom-thick 2D Au ribbon forming a freestanding bridge which 
later swings over to the right to fully interface on to the other 
side of the graphene pore as shown in Figure 2a–c. Diffraction 
data from the Fourier domain show a set of threefold hexagonal 
reflex spots (e.g. Figure 1d−f) for the Au nanoribbon concomi-
tant with the observed hexagonal close packed atomic structure 
of the Au nanoribbon. Evaluation of the d-spacing from the 
reflex sets indicates some anisotropy with the anisotropy along 
long axis of the Au nanoribbon being greatest. The anisotropy 
is confirmed by studies on the atomic spacing of the Au ribbon 
at various dynamic stages in the pore collected directly from 
micrographs. The data can be seen in Figure S2 (Supporting 
Information) and confirm a larger atomic spacing along the 
long axis of the Au ribbon and is attributed to strain occurring 
along the bridging axis of the Au ribbon to the graphene pore.
From the d-spacing data, with correction made using pub-
lished values for graphene lattice data, we obtain an average 
 lattice constant of 2.71 ± 0.01 Å for the Au nanoribbon (see 
Figure S6 and Table S1, Supporting Information). We discuss 
the lattice spacing a little later in greater detail. We now turn to 
investigations on the Au nanoribbons thickness. To do this, we 
prepare image simulations and then compare the relative inten-
sity profiles across graphene and over the Au nanoribbons from 
the simulations with experimental micrographs. The intensities 
are normalized to the graphene intensity profiles.
Figure 3 shows the intensity profile for the experimental case 
(Figure 3a) and an image simulation for a single-atom-thick 2D 
Au nanoribbon (Figure 3b). Figure 3c,e show the stick and ball 
structures for easy viewing. Figure 3d shows the relative inten-
sity profiles for the experimental data and image simulation. 
The intensity profiles match each other very well. This can be 
compared with the simulations for Au nanoribbons with two 
and three atom-thick structures as shown in Figure  4, where 
Adv. Mater. Interfaces 2020, 2000436
Figure 2. Three key stages of the dynamic process. High-resolution transmission electron microscope (HRTEM) images show a) single-atom-thick 
Au crystal suspended in a graphene hole; b) suspended two-dimensional (2D) single-atom-thick Au nanoribbon; c) Au nanoribbon attaching to the 
graphene edge; d–f) the fast Fourier transform of the structures corresponding to (a–c) show lattice relationship between graphene (red arrow) and 
Au nanostructures (yellow arrow); g–i) the stick and ball model (a−c), respectively.
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the profile intensities for two- and three-atom-thick structures 
are a poor fit to the experimental data. This indicates the Au 
nanoribbons comprise 2D single-atom-thick freestanding 
nanoribbons. Moreover, the fit between simulation and experi-
ment confirms the ribbons are from Au. To highlight this, 
Figure S3 (Supporting Information) shows image simulations 
and relative intensity profiles for the single-atom-thick Au 
ribbon with similar ribbons from Si, Cu, and Fe (the possible 
contaminants in the system). Only the Au simulation matches 
the experimental data as expected.
We also examine the ribbon at the later stage when its right-
hand long side interfaces with the graphene pore (Figure  1g). 
Relative intensity profiles between image simulations and 
experiment confirm the structure remains one Au atom-thick 
as shown in Figure 5.
The formation of the single-atom-thick freestanding 2D Au 
nanoribbon was not an isolated event. We found numerous 
ribbons during the course of this study. Two further examples 
are provided in Figure S4 (Supporting Information). We did 
not observe any nanoribbons with a width below four atoms 
wide. All nanoribbons showed a hexagonal close-packed struc-
ture. Moreover, relative intensity measurements with image 
simulations confirmed all the 2D Au nanoribbons to be one-
atom-thick and freestanding (e.g. Figure S5, Supporting 
Information).
We also examined the stability of the freestanding 2D 
single-atom-thick Au nanoribbon against the electron irradia-
tion. Despite extended irradiation periods the Au nanoribbon 
structures remained remarkably stable and dynamic changes 
(e.g. Figure  1) seem to be driven more by changes to the gra-
phene (e.g. sputtering). This is different from other studies 
with freestanding 2D single-atom-thick metal and metal oxide 
 membranes. Zhao et  al. observed this collapse of a 2D free-
standing atom-thick Fe membrane under prolonged electron 
beam irradiation.[29] Quang et  al. also showed a freestanding 
single-atom-thick 2D graphene-like ZnO membrane to collapse 
extended irradiation.[30] The stability of the 2D single-atom-thick 
Au nanoribbons is in keeping with a molecular dynamics study 
examining single-atom-thick 2D gold structures, which show 
such 2D Au membranes are stable up to temperatures of up 
to 1400 K.[16] Another theoretical work by Antikainen et al. sug-
gests that the collapse of such 2D membranes to 3D nanoparti-
cles requires elevated temperatures.[17] Another theoretical work 
by Yang et  al., apart from pointing to stable single-atom-thick 
2D Au membranes, predicts a structure corresponding to the 
bulk Au (111) face-centered cubic lattice as this close-packed lat-
tice maximizes the aerophilic interactions.[16] In this study, we 
observe the predicted close-packed lattice, viz., a single layer of 
the Au (111) lattice. Moreover, the same theoretically suggested 
optimized lattice constants of 2.755 Å which is a little larger 
than our average measured lattice spacing of 2.71 ± 0.01 Å.
A recent theoretical work by Nevalaita et al. indicated a stable 
2D metal patch could be achieved by interfacing to graphene 
edges.[33] Consequently, we examined the interface between the 
2D single-atom-thick Au nanoribbon and the graphene edge. 
Careful examination shows several Au atom configurations at 
armchair or zigzag edges can be seen in Figure S7 (Supporting 
Information). Statistics for the four observed configurations 
for Au atoms linked to the hollow (C1) and bridge (C2) sites of 
armchair graphene, and hollow (C3) and top (C4) sites of zigzag 
graphene with the corresponding stick and ball model are given 
in Figure 6. The most frequent bonding configurations occur 
for C4 and C3, respectively, which have the largest bonding 
energy (3.4 and 3.3 eV, respectively).[36]
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Figure 3. a) High-resolution transmission electron microscope (HRTEM) image showing a single-atom-thick Au nanoribbon suspended between two 
graphene edges. b) Image simulation of a monoatomic thick Au nanoribbon. c,e) Top view and side view of the stick and ball model of the suspended 
Au nanoribbon. d) Normalized intensity profiles from the image simulation (red line) and experimental image (black line), corresponding to marked 
profiles in orange-dashed lines in (a,b). The intensity profiles match, confirming that the Au nanoribbon is a single-atom-thick Au nanoribbon.
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Figure 4. Comparisons of image simulations with different Au nanoribbon atomic layer thickness. a) Monolayer; b) bilayer; c) trilayer; d–f) stick and 
ball models, insets: side view of the stick and ball models. g–i) The relative intensity profile from the image simulation (red line) and experimental 
image (black line), corresponding to the orange dash lines in panels (a−c), respectively. All scale bars = 1 nm.
Figure 5. a) High-resolution transmission electron microscope (HRTEM) image showing an Au nanoribbon anchored to the edge of graphene. Com-
parisons of image simulations with different Au nanoribbon layers; b) monolayer; c) bilayer; d) trilayer, respectively; e) normalized intensity profiles 
from the image simulation and experimental image, corresponding to marked profiles in dashed lines in panels (a−d). The experimental data (black 
curve) have the best fit for monolayer simulation (red curve) confirming 2D one atom-thick Au.
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3. Conclusion
In summary, we provide experimental evidence for the for-
mation of freestanding single-atom-thick 2D Au nanoribbons 
suspended at graphene edges. Their structures, that of the top 
monolayer of bulk Au (111) and their lattice spacing, match very 
well with previous theoretical predictions.[17] The width of the 
2D Au nanoribbons vary from seven to four atoms in width. 
The 2D Au nanoribbons exhibit significant stability under elec-
tron irradiation (at 80 kV). Theoretical predictions suggest 2D 
single-atom-thick Au structures are metallic and diamagnetic 
with metallic bonds holding the gold atoms together in the 2D 
plane.[17] Interesting electrical, mechanical, and thermal prop-
erties are predicted for 2D gold layers and this work should 
advance the development of 2D Au monolayers significantly.
4. Experimental Section
Sample Preparation: The graphene was obtained by thermal CVD 
over high purity copper (99.99%) and is described elsewhere.[35] After 
synthesis, the graphene was transferred to standard lacey carbon Cu 
TEM grids. The TEM grid with graphene was then placed in a glass 
vial along with a nominal amount of HAuCl4. The vial was evacuated 
to ≈10−6 mbar and sealed. The sealed vial was heated to 350 °C for 
12 h. This process, based on the technique developed in ref. [30], 
sublimes and decomposes the HAuCl4 to leave copious Au atoms on the 
graphene surface. Prior to placing the sample in the TEM for the in situ 
experiments, the specimen was annealed under vacuum (<10−6 mbar) 
overnight at 160 °C. The HAuCl4 was purchased from Alfa Aesar and has 
a purity of 99.9%.
In Situ TEM Experiments: The high-resolution TEM (HRTEM) images 
of Au nanoribbons were obtained on a FEI Titan Cubed Themis G2 
30–300 TEM equipped with spherical (Cs) aberration correction for 
the objective lens and monochromator and was operated at 80 kV. The 
current density was typically 3.8 nA nm−2. All studies were conducted at 
room temperature with a pressure of ≈10−7 mbar.
Image Simulation: The HRTEM image simulations were performed 
using JEMS software. For the simulations, an accelerating voltage of 
80 kV and an energy spread of 0.2 eV were used. The chromatic 
aberration Cc was set to 1 mm, and the spherical aberration Cs was 
set to 1 µm. A defocus between 4 and 5 nm was used, and a defocus 
spread of 3 nm was implemented. These values are consistent with the 
experimental conditions used.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
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